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In plants, CALCIUM-DEPENDENT PROTEIN KINASES (CDPKs/CPKs) are involved in calcium signaling in response to endogenous and environmental stimuli. Here, we report that ZmCPK11, one of maize CDPKs, participates in salt stress response and tolerance. Salt stress induced expression and upregulated the activity of ZmCPK11 in maize roots and leaves. Activation of ZmCPK11 upon salt stress was also observed in roots and leaves of transgenic Arabidopsis plants expressing ZmCPK11. The transgenic plants showed a long-root phenotype under control conditions and a short-root phenotype under NaCl, abscisic acid (ABA) or jasmonic acid (JA) treatment. Analysis of ABA and JA content in roots indicated that ZmCPK11 can mediate root growth by regulating the levels of these phytohormones. Moreover, 4-week-old transgenic plants were more tolerant to salinity than the wild-type plants. Their leaves were less chlorotic and showed weaker symptoms of senescence accompanied by higher chlorophyll content and higher quantum efficiency of photosystem II. The expression of Na+/K+ transporters (HKT1, SOS1 and NHX1) and transcription factors (CBF1, CBF2, CBF3, ZAT6 and ZAT10) with known links to salinity tolerance was upregulated in roots of the transgenic plants upon salt stress. Furthermore, the transgenic plants accumulated less Na+ in roots and leaves under salinity, and showed a higher K+/Na+ ratio in leaves. These results show that the improved salt tolerance in ZmCPK11-transgenic plants could be due to an upregulation of genes involved in the maintenance of intracellular Na+ and K+ homeostasis and a protection of photosystem II against damage.






Plants in their natural habitat are exposed to many environmental stresses. One of them, salinity, is caused by the accumulation of sodium chloride in the soil. At high concentrations both sodium and chloride ions are toxic to most plant species. However, since for more species the toxicity threshold is lower for sodium than for chloride ions, most studies on salt tolerance have focused on the toxic effects of Na+ accumulation (Munns and Tester 2008). Salinity induces diverse stresses such as osmotic, ionic and oxidative stress. Osmotic stress, occurring immediately after the exposure of a plant to high salt, is caused by a hampered water uptake. The water deficit signal from roots to the shoot reduces the turgor and increases the level of abscisic acid (ABA). To conserve water, plants close their stomata in an ABA-dependent manner, thereby also precluding the entry of carbon dioxide, which leads to inhibition of photosynthesis and shoot elongation (Munns and Tester 2008). These effects on plant growth are independent of the effect of prolonged ionic stress caused by accumulation of toxic Na+ levels in the cytoplasm. The toxicity of Na+ is connected with the disturbance of K+ uptake by root cells and the competition between Na+ and K+ ions for binding by diverse enzymes leading to inhibition of various metabolic processes, including photosynthesis. Therefore, under salt stress the maintenance of a high K+/Na+ ratio, especially in leaves, is critical for the functioning of cells and salt tolerance (Almeida et al. 2017). Plants have evolved many different mechanisms to cope with salinity stress. One of them is the biosynthesis and accumulation of compatible solutes in the cytoplasm which aid osmotolerance in many ways. Another mechanism is detoxification relying on efficient Na+ exclusion outside the cell, compartmentation of Na+ in the vacuole, and prevention of Na+ accumulation in leaves (Almeida et al. 2017). It has been well documented that K+ and Na+ transporters play an essential role in salt tolerance by maintaining appropriate K+ and Na+ levels and a high K+ /Na+ ratio (Almeida et al. 2017, Assaha et al. 2017).
A rapid and transient increase of the  free calcium level in the cytoplasm is the first reaction implicated in signal transduction in plant response to salt stress (Kudla et al. 2018). These changes of calcium concentration are sensed and decoded by diverse calcium sensor proteins including CALMODULIN (CaM) and CALMODULIN-LIKE PROTEINS (CMLs), CALCINEURIN B-LIKE PROTEINS (CBLs) with CBL-INTERACTING PROTEIN KINASES (CIPKs), Ca2+-DEPENDENT PROTEIN KINASES (CDPKs) as well as reactive oxygen species (ROS) producing enzymes [NADPH (nicotinamide adenine dinucleotide phosphate) oxidases, also known as RESPIRATORY BURST OXIDASE HOMOLOGUES (RBOHs)]. Rbohs are synergistically activated by Ca2+ binding and phosphorylation by CDPKs and CBL-CIPK complexes (Kobayashi et al. 2007, Drerup et al. 2013, Dubiella et al. 2013). The importance of Ca2+-dependent phosphorylation in the response to salinity has been identified in the salt overly sensitive (SOS) pathway (Mahajan et al. 2008). In this pathway, the Ca2+ sensor SOS3 in roots transduces the calcium signal by binding to and activating the protein kinase SOS2. The activated SOS2 phosphorylates and activates SOS1, a Na+/H+ antiporter in the plasma membrane. SOS2 also activates other Na+/H+ antiporters (NHXs) located in the vacuole membrane (Qiu et al. 2004). These Na+ transporters effect the exclusion of Na+ from the cell and Na+ compartmentation, thus restoring ion homeostasis (Assaha et al. 2017).
CDPKs/CPKs are one of the largest families of serine/threonine protein kinases in plants, green algae and certain protists, but are not found in animals or fungi. CDPKs contain a Ca2+ sensing (calmodulin-like) and a response (protein kinase) domain in a single polypeptide, therefore they function as both sensors and effectors inducing downstream effects by phosphorylation of appropriate proteins (Simeunovic et al. 2016). An increase of the activity and transcript levels of various CDPKs has been observed in response to different stresses indicating their possible role in early defense responses and/or tolerance to those stresses. A comparative expression study in salinity-intolerant glycophytes and salinity-tolerant halophytes showed a stronger induction of Ca2+/CaM proteins such as CDPKs in the halophytes in response to salinity stress (Xu et al. 2013). The involvement of CDPKs in the salt stress response has been well documented. For example, OsCDPK7 enhanced expression of various stress-responsive genes in transgenic plants in response to salinity or drought, thereby improving salt and drought tolerance (Saijo et al. 2000). Similarly, overexpression of another rice CDPK, OsCPK21, increased expression of ABA- and salinity-responsible genes resulting in higher salt tolerance (Asano et al. 2011). In Arabidopsis, AtCPK32 upregulated some ABA-responsive genes and conferred tolerance to salt stress in transgenic Arabidopsis plants overexpressing AtCPK32. AtCPK32 acts by interacting with and phosphorylating the ABA-induced transcription factor ABF4 (Choi et al. 2005). Two other rice CDPKs, OsCPK12 and OsCPK4, are engaged in distinct events leading to stress tolerance. Overexpression of OsCPK12 in rice enhanced tolerance to salinity by decreasing the accumulation of ROS (Asano et al. 2012), while OsCPK4-transgenic plants were more tolerant to salt and drought stresses thanks to the protection of cellular membranes from stress-induced oxidative damage (Campo et al. 2014).
Although ample evidence documents the role of various CDPKs in stress responses in diverse plant species, the understanding of the functioning of maize CDPKs in abiotic stress signaling is still limited. Heterologous expression of maize CDPK genes in Arabidopsis thaliana (Arabidopsis) has identified ZmCPK1 as a negative regulator of cold stress signaling (Weckwerth et al. 2015) and ZmCPK4 as a positive regulator of ABA signaling and drought stress tolerance (Jiang et al. 2013). Additionally, expression of ZmCPK12 in Arabidopsis has been found to confer resistance to drought and salt stresses (Wang and Song 2013).
Previously, we have reported that ZmCPK11 is involved in the very early events of the local and systemic responses to wounding and touch in maize (Szczegielniak et al. 2005, 2012). ZmCPK11 also participates in wound signaling mediated by phosphatidic acid (PA) produced by PHOSPHOLIPASE D. PA directly binds to ZmCPK11 and stimulates its enzymatic activity (Szczegielniak et al. 2005, Klimecka et al. 2011). Moreover, wounding was found to induce an oxidative stress coinciding with the transient changes of the level of DNA cytosine methylation in maize leaves. Demethylation of two cytosines in the first exon of ZmCPK11 upon wounding was correlated with an increase in the transcript level of this gene reported earlier (Szczegielniak et al. 2005, Lewandowska-Gnatowska et al. 2014).




Plant material, growth conditions and stress treatment

Maize (Zea mays, L.) cv Mona and Arabidopsis thaliana ecotype Columbia (Col-0) transgenic
Arabidopsis lines expressing ZmCPK11, fused with a c-Myc tag, under control of the Cauliflower mosaic virus (CaMV) 35S promoter (35S::c-Myc-ZmCPK11; L1, L3 and L4) or carrying empty pEarleyGate 203 vector (V4) were used. Generation of A. thaliana transgenic plants was described previously (Szczegielniak et al. 2012). Seeds of maize and Arabidopsis were surface-sterilized by soaking in 70% (v:v) ethanol for 2 min followed by soaking in bleach:water solution (1:13, v:v) for 10 min. Next, the seeds were rinsed 5 times with sterile distilled water. After sterilization, maize seeds were stored overnight in water at room temperature and germinated at 25°C on wet paper in the dark. After 3 days, seedlings were transferred to the medium: 3.5 mM KNO3, 5 mM Ca(NO3)2, 1.7 mM Mg(NO3)2, 10 mM NH4NO3, 1 mM KH2PO4, 1 mM MgSO4, 0.9 mM MgCl2, 2 mM CaCl2, 0.1 mM NaCl, 50 μM FeNaEDTA, 0.64 μM Cu(NO3)2, 10 μM Mn(NO3)2, 0.82 μM (NH4)2Mo4O13, 0.096 μM Zn(CH3COO)2, 0.11 μM CoCl2, 50 μM H3BO4, 1 mM MES, pH 5.8, and cultured hydroponically for 2 weeks in a growth chamber with a daily cycle of 14 h light (70-80 watt m−2) at 24-25°C and 10 h dark at 20°C. Arabidopsis seeds after sterilization were vernalized for 4 days at 4°C in the dark. Next, they were germinated and cultured hydroponically (Araponics system, http://www.araponics.com/ (​http:​/​​/​www.araponics.com​/​" \t "_blank​)) in the same medium as above for 4 weeks in a growth chamber under a 8/16 h photoperiod, light/dark cycle, at 22°C (day)/20°C (night). The medium was changed every 7 days. For salt treatment, hydroponically grown 2-week-old maize and 4-week-old Arabidopsis plants were transferred to the same medium containing 120, 150, 250 or 500 mM NaCl, depending on experiments. At indicated time points, root and leaf samples were taken for analysis or immediately frozen in liquid nitrogen and stored at -80°C until analysis. For seed germination, post-germination growth and primary root growth assays seeds of Arabidopsis plants after sterilization and vernalization, as described above, were grown on Petri dishes in 1/2 MS medium composed of Murashige and Skoog Basal Salt Mixture (MS; Duchefa Biochemie), 1/2 MS vitamins and agar (8 g l-1) buffered with KOH pH 5.7 in a growth chamber under a 16/8 h photoperiod, light/dark cycle, at 22°C (day)/20°C (night).

Seed germination and post-germination growth assay

Surface-sterilized seeds of A. thaliana were sown on Petri dishes in 1/2 MS medium supplemented or not with ABA (3 µM), MeJA (10 or 30 µM) or NaCl (150 mM). After 4 days of vernalization at 4°C in darkness, the seeds were germinated and seedlings grown in a growth chamber under conditions described above. The percentage of germinated seeds after the first, second and third day was calculated. For post-germination growth assay, Arabidopsis seedlings were grown as above for 14 days and photographed at time points indicated.

Primary root growth assay

Surface-sterilized A. thaliana seeds were germinated and grown for 5 days on Petri dishes placed vertically in the conditions described above. Next, plants were transferred to 1/2 MS medium supplemented or not with ABA (10 or 20 µM), MeJA (10 or 50 µM) or NaCl (120, 150 or 180 mM). After 3 and/or 7 days the root length was measured by ImageJ software (http://imagej.nih.gov/ij/ (​http:​/​​/​imagej.nih.gov​/​ij​/​​)).

Preparation of homogenates from maize leaves and roots





ZmCPK11 was immunoprecipitated from roots and rosette leaves of transgenic c-Myc-ZmCPK11 Arabidopsis plants with anti-c-Myc antibodies 9E10 (Santa Cruz Biotechnology Inc.) (as described previously (Szczegielniak et al. 2012). The buffer was additionally supplemented with 0.1 µM PhosSTOP. Immunoprecipitated protein was used for determination of ZmCPK11 activity and protein level by in-gel kinase activity assay and by immunoblotting, respectively.

In-gel kinase activity assay









Two methods were used for RNA isolation. Total RNA from rosette leaves was isolated using Tri Reagent (Molecular Research Center, Inc., Cincinnati, OH), following the manufacturer’s directions. The quality of RNA was checked by inspection of rRNA intactness on ethidium bromide-stained 1.2% agarose gels. The concentration of RNA was determined spectrophotometrically (NanoDrop 2000, Thermo Scientific) at 260 nm and its purity by the OD 260/280 nm and 260/230 nm ratios.
Total RNA from roots was isolated using a method described by Gromadka et al. (2018) with one modification. Namely, precipitation of RNA with isopropanol and sodium acetate was performed for 10 min at room temperature.
The RNA isolated from roots was treated with DNase I (Fermentas Inc.) before reverse-transcription reaction.

Quantification of mRNA by reverse transcription - real time polymerase chain reaction (RT-qPCR)

First-strand cDNA was synthesized by reverse transcription (RT) of 5 µg of RNA using Enhanced Avian HS RT-PCR Kit according to manufacturer’s protocol (Sigma-Aldrich). 
Real-time quantitative PCR assays were carried out on a 7500 Real Time PCR System (Thermo Fisher Scientific), or PikoReal 96 Real-Time PCR System (Thermo Fisher Scientific). Primers were designed with the Primer Quest program (http://eu.idtdna.com/PrimerQuest/Home/Index (​http:​/​​/​eu.idtdna.com​/​PrimerQuest​/​Home​/​Index​)) (Supporting information Table S1).
The qPCR reaction mixture contained: 1x commercial SYBR Green mixture SensiFast Low ROX (DNA Gdańsk, Gdańsk, Poland) or 1x Real-Time 2xHS-PCR Master Mix SYBR A (A&A Biotechnology), forward and reverse specific primers (100 nM each), cDNA template (in three concentrations, each in duplicate), and water up to 10 µl of final volume. The reactions comprised an initial denaturation step (95°C for 3 min) followed by 45-50 cycles of denaturation (95°C for 15 s) and primer annealing-extension (60°C for 30 s to 1 min depending on the apparatus used). Fluorescence was read during the annealing-extension step of each cycle. After cycling, melting point temperature analysis was performed in the range of 60 to 95°C with temperature increments dependent on apparatus used. Quality of results was evaluated based on the expected Ct differences among the three cDNA amounts used as well as the product melting curves. Rare outlying results were omitted from calculations. Using the three concentrations of cDNA allowed us to calculate individual efficiencies for each primer pair and to normalize all the results to one cDNA concentration, common for all genes. The amount of each target mRNA was calculated by the ΔCt method with the geometric mean of two housekeeping genes Cts used as a reference (Vandesompele et al. 2002). The reference genes for Zea mays were: ELONGATION FACTOR 1-α (ZmEF1-α, NM_001112117) and TUBULIN-α (Zmtubulin-α, L27815), and for Arabidopsis thaliana: ELONGATION FACTOR 1-α (AtEF1-α, At5g60390.1) and TIP41-LIKE PROTEIN (AtTIP41, At4g34270.1).

Determination of chlorophyll content

Chlorophyll content was measured in leaves of 12-day-old plants grown on plates (1) and in leaves of 4-week-old plants grown in soil (2).
(1) Five-day-old Arabidopsis seedlings grown as before on Petri dishes at vertical position were transferred to 1/2 MS medium supplemented with 120 mM NaCl or not (control conditions). After 7 days rosettes were cut off, powdered in liquid nitrogen and weighed.
(2) Plants were grown in soil in a growth chamber under 16/8 h photoperiod at 22°C (day)/20°C (night) for 4 weeks. Green fully expanded leaves from 10 rosettes were detached and transferred to Petri dishes and incubated in deionized water or NaCl (500 mM) in continuous light at 22°C. After 48 h of incubation, the leaves were powdered in liquid nitrogen and weighed.
Chlorophyll was extracted according to the method of Lichtenthaler and Wellburn (1983). Powdered rosette leaves (100 mg ± 7 mg fresh weight (FW)) were thoroughly mixed with 1 ml of 100% acetone, the samples were centrifuged (16 000 g for 20 min at 4°C) and the supernatant, after a ten-fold dilution in 80% acetone, was used for optical density determination at 646 and 663 nm.
Chlorophyll concentration was calculated according to the formulas:
Chlorophyll a [µg ml-1 of extract] = (12.21 x OD663 – 2.81 x OD646) x dilution
Chlorophyll b [µg ml-1 of extract] = (20.13 x OD646 – 5.03 x OD663) x dilution
Chlorophyll a and b content in the leaves was then expressed in µg per g of fresh rosette weight.

Determination of Na+ and K+ content

Arabidopsis plants cultivated hydroponically were treated with 150 mM NaCl added to the medium for 24 h or not. Roots and rosette leaves were harvested separately. After harvesting, the roots were washed 6 times with deionized water. Next, the material was dried at 80°C for 48 h to constant weight. Dried root (50-160 mg) and leaf (300 mg) samples were mineralized in 5 ml (4.5 ml HNO3 and 0.5 ml H2O2) and 10 ml (9 ml HNO3 and 1 ml H2O2), respectively, in a microwave oven Ethos Plus  (Milestone SRL) at 180°C for 30 min. Concentration of sodium and potassium was determined by flame atomic absorption spectrometry in an acetylene flame at a flow rate of 1.1 l per min on a FAAS - SOLAAR M6 dual series atomic absorption spectrometer (Thermo Scientific). Virginia tobacco leaves CTA-VTL-2 were used as certified reference material.

Extraction of ABA and JA content

The ABA and JA extraction method was modified from La Camera et al. (2011) and L’Haridon et al. (2011). Powdered roots or leaves (200 mg FW) were placed in a 2-ml microfuge tube and extracted with 400 μl of water:1-propanol:HCl (1:2:0.005, v:v:v) and internal standards [14 ng of 2H6 ABA (A110002), 10 ng of 2H2 JA (J210522); TRC, Toronto, Canada]. Each assay also included an extraction control containing no plant material. The suspensions were mixed thoroughly by vortexing and incubated at 4°C for 1 h with gentle shaking, then for 10 min at 70°C and centrifuged at 16 000 g for 2 min. The supernatant was carefully removed and the pellet was re-extracted with 400 μl and then with 200 μl of the extraction mixture without the standards and without incubation at 4°C. To the three combined supernatants, 1 ml of dichloromethane (DCM) was added. The mixture was vortexed, incubated for 5 min at room temperature and separated into two phases by centrifugation at 16 000 g for 2 min. The lower organic phase was carefully transferred to a new 2-ml tube and dried under nitrogen in a water bath at 50°C. The dried extract was dissolved in 150 µl of DCM. Next, 150 µl of 5% NH4OH was added, the mixture vortexed and centrifuged at 20 000 g for 2 min. Aqueous phase (upper) was transferred to 96 well plate and analysed by means of liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Simultaneously, the standard curve for ABA and JA was obtained.

Analysis of ABA and JA content

Analyses were carried on Waters Xevo TQ-MS mass spectrometer coupled with Waters Acquity UPLC I-class (Waters Corporation). Chromatographic separation was performed using Waters Acquity UPLC CSHT C18 1.7 μm x 2.1 mm x 50 mm column with 10 mm precolumn. Phase A was 0.1% formic acid in Milli-Q water, phase B was 0.1% formic acid in ACN. Flow was 0.5 ml per min. A 2-min gradient method was used, from 30% to 75% phase B in 0.2 min, then to 98% B in 1 min, 0.5 min washing and 0.5 min column equilibration. MS was operating in negative ion mode and parameters was set: Capillary (kV) 2, Cone (V) 20, Desolvation Temperature (°C) 450, Desolvation Gas Flow (L/Hr) 250. Jasmonic acid was quantitated using 209.12 > 59.00 (collision energy 12) transmission for analyte and 214.12 > 62.00 (collision energy 15) for deuterium labelled internal standard. Abscisic acid was quantitated using 263.12 > 153.10 (collision energy 12) transmission for analyte and 269.12 > 159.10 (collision energy 12) for deuterium labelled internal standard. A linear, 1/concentration² weighted, least-squares regression algorithm is used to quantitate unknown samples against calibration curve.
Concentration of the hormones in the plant samples was determined as ng per mg of fresh rosette weight according to the standard curve.

Estimation of PSII activity





Salinity increases expression and activity of ZmCPK11 in roots and leaves of maize

To study the involvement of ZmCPK11 in the maize response to salt stress, the activity and expression of ZmCPK11 were examined using in-gel kinase activity assay and RT-qPCR, respectively. In roots and leaves of Zea mays, a 56-kDa CDPK, whose molecular weight corresponded to the calculated mass of ZmCPK11, was activated after 10 min of salt treatment and was still highly active at 1 h of salt stress (Fig. 1A). A lack of specific antibodies against ZmCPK11 made it difficult to monitor its activity selectively in maize during stress conditions since it could not be excluded that some other Ca-dependent kinase migrated in that region as well. Therefore, we also tracked the activity of ZmCPK11 and its protein levels during salt stress in transgenic Arabidopsis plants expressing c-Myc-ZmCPK11 using anti c-Myc antibodies. c-Myc-ZmCPK11 immunoprecipitated from the transgenic Arabidopsis roots and rosette leaves (L1 line) was activated in both organs after 10 min of salinity stress application (Fig. 1B). Coomassie brilliant blue staining (maize) and immunoblotting (Arabidopsis) showed that the amount of the relevant protein was unchanged.
The level of ZmCPK11 mRNA in maize was markedly higher in roots than in leaves and the salt stress increased it in both organs to a similar extent (ca. 4-fold), albeit with markedly different kinetics. In leaves the transcript peaked at 1 h of salt treatment and then gradually decreased, whereas in roots there was a transient peak at 6 h (Fig. 1C).
 
ZmCPK11 expression in Arabidopsis augments NaCl-mediated inhibition of seed germination but confers tolerance to salinity in rosette leaves

Judging from the fact that salt stress activated and increased the expression of ZmCPK11, it seemed likely that ZmCPK11 contributes to salinity tolerance. To verify this assumption, seed germination rate, post-germination growth and appearance of 4-week-old Arabidopsis plants were analyzed in control conditions and after exposure to salt stress and compared between ZmCPK11-transgenic plants (L1, L3 and L4 lines) and WT plants. Transformants carrying an empty vector (V4) served as an additional control.
The effect of salinity on seed germination and post-germination growth was studied using half Murashige and Skoog (1/2 MS) medium supplemented or not with 150 mM NaCl. In the absence of salt, all the plant lines studied germinated with virtually identical efficiency and kinetics (Fig. 2A) and also their post-germination growth was similar (data not shown). However, some differences in the seed germination rate were observed between the lines in the NaCl-supplemented medium. Two of the three lines expressing ZmCPK11 (L3 and L4) displayed retarded germination at 48 h and 72 h compared with control plants (Fig. 2A). In contrast, the post-germination growth on the NaCl-supplemented medium of all three ZmCPK11-transgenic lines (L1, L3 and L4) was slightly better than that of the control plants (WT and V4; Fig. 2B).
Similarly, there were no evident morphological or developmental differences between 4-week-old control plants (WT and V4) and the ZmCPK11-transgenic lines under normal growth conditions. After 7 days of salt treatment, all the plants suffered water deficit showing wilting of leaves. However, the ZmCPK11-expressing plants were less severely affected than the control ones. Their rosette leaves were greener, less chlorotic and showed less marked senescence symptoms than the leaves of the control plants (Fig. 2C). As in the case of seed germination, the effect of ZmCPK11 expression was less evident in the L1 line than in the other two.
The transgenic lines were characterized at the protein level by Western blotting analysis with an anti-c-Myc antibody (Fig. S1). Most of the results allow to suggest that the phenotype intensity may be correlated with the amount of ZmCPK11 protein.

ZmCPK11 expression in Arabidopsis positively regulates root growth under normal growth conditions, but augments the inhibition of root growth under salt stress

To examine the effects of NaCl and of ectopic ZmCPK11, alone or in combination, on root growth, 5-day-old plants were grown vertically on 1/2 MS medium and transferred to the medium containing 120, 150 or 180 mM NaCl or to the 1/2 MS medium without extra NaCl. After 3 and 7 days, the root length was measured. In the control conditions, the three ZmCPK11-transgenic lines had longer primary roots compared with the WT and V4 plants. In the medium containing 120 mM NaCl the root growth was substantially inhibited in all plants, but the inhibition was stronger in the ZmCPK11-transgenic lines (by about 46-57% relative to normal medium, depending on the line) than in the WT (36%) or V4 plants (by about 31 and 40% after 3 days and 7 days, respectively; Fig. 2D). In the medium containing 150 or 180 mM NaCl, the root growth was inhibited in all plants, but there were no differences in the inhibition extent between the control (WT and V4) and the ZmCPK11-transgenic Arabidopsis plants (data not shown).

ZmCPK11 expression in Arabidopsis deepens ABA- and MeJA-mediated primary root growth inhibition

ABA and JA control plant responses to stress and mediate many aspects of plant growth and development, including seed germination and primary root growth ((Linkies and Leubner-Metzger 2012, Jiao et al. 2013, Valenzuela et al. 2016). Therefore, we investigated the participation of ZmCPK11 in the inhibition of root growth by ABA and JA.
ABA and MeJA inhibited root growth of the ZmCPK11-transgenic plants to a greater extent than that of the WT. At 10 and 20 µM, ABA inhibited root growth in the WT and V4 by ca. 23-30% and 23-32%, respectively, while in the ZmCPK11-transgenic plants the inhibition respectively reached ca. 40-48% and 55-60%, depending on the lines (Fig. 3A).
Also, the inhibitory effect of MeJA on root growth was stronger in the plants expressing ZmCPK11 than in the WT, albeit the augmentation of the inhibition by ZmCPK11 was slightly weaker than in the case of ABA treatment, amounting to ca. 14% at both MeJA concentrations (Fig. 3B).

ZmCPK11 expression in Arabidopsis has little effect on ABA-dependent inhibition of seed germination and post-germination growth

Similarly, as for the root growth, we checked how the expression of ZmCPK11 affected seed germination and early post-germination growth of Arabidopsis treated with ABA or MeJA.
In the control conditions no differences were observed in the seed germination ratio (Fig. 2A) and in post-germination growth (data not shown) between all the plant lines studied. Neither the germination nor early growth in the presence of 10 or 30 µM MeJA differed between the WT and the ZmCPK11 transformants (data not shown). In contrast, during the first 24 h of seed germination in the presence of 3 µM ABA the three ZmCPK11-transgenic lines showed substantially lower germination efficiency than WT or V4. With time the efficiency of germination of all the lines studied tended to equalize, reaching almost 80-100% after 72 h (Fig. S2). Only small differences between the lines were observed during the post-germination growth in the presence of 1 µM ABA (data not shown). Thus, in contrast to its strong inhibitory effect on the root growth in the presence of ABA or MeJA, ZmCPK11 appeared not to modulate the effect of MeJA on seed germination or early growth, and only transiently inhibited germination in the presence of ABA.

ZmCPK11 expression in Arabidopsis lowers ABA and JA content in unstressed roots and increases the JA level in salt-stressed leaves

Expression of ZmCPK11 in Arabidopsis stimulated significantly the root growth under control conditions and augmented its inhibition under salt stress. Considering that ABA and JA accumulate during root growth and inhibit it (Wasternack and Hause 2013, Harris 2015), we hypothesized that the altered root growth of the ZmCPK11-expressing plants could result from altered ABA and JA concentrations. To verify this hypothesis, endogenous ABA and JA were determined in roots and leaves of WT and the ZmCPK11-transgenic plants under control conditions and after 1 h of salt stress (150 mM NaCl). Under control conditions, the ABA and JA levels in the root of the ZmCPK11-transgenic lines were lower than in the WT (Fig. 4A). However, only differences in JA content between the three ZmCPK11-transgenic lines and WT plants were statistically significant (Fig. 4A). After 1 h of salt stress, the ABA and JA content increased markedly both in roots and leaves of all the lines studied. There were no differences in the ABA and JA content in leaves between WT and the ZmCPK11-transgenic lines (Fig. 4B). However, the roots of the ZmCPK11-transgenic lines had a higher JA level than the WT plants, but only for the L1 line was that difference statistically significant (Fig. 2A). 

ZmCPK11 expression in Arabidopsis prevents chlorophyll degradation upon salt stress

Since the leaves of the ZmCPK11-expressing plants were less chlorotic than WT leaves following salt treatment, we assumed that the protective role of ZmCPK11 could be connected with the prevention of chlorophyll degradation in response to salinity. To verify that, the chlorophyll content was determined in 2-week-old rosette leaves treated with NaCl or not (control). As shown in Fig. 5A, without the salt stress the content of chlorophylls a and b was similar in all the Arabidopsis lines studied. However, when the plants were exposed to a salt stress (120 mM NaCl), the drop in the level of both types of chlorophyll was significantly less pronounced in the ZmCPK11-transgenic plants than in the control lines (Fig. 5A).
A similar protective action of ectopic ZmCPK11 was observed when detached leaves of soil-grown 3-week-old plants were subjected to salt stress using 500 mM NaCl (see Materials and methods and Fig. S3).

ZmCPK11 expression in Arabidopsis protects photosystem II against salt stress

The maximum quantum yield of photosynthetic electron transport (Fv/Fm) is a parameter frequently used to estimate the extent of injury to photosystem II (PSII) and the appearance of photoinhibition due to abiotic stresses, including salinity. To establish how the salt stress affects PSII functioning and whether this response is modulated by ZmCPK11 expression, the Fv/Fm ratio was determined in leaves of 4-week-old WT and ZmCPK11-transgenic plants before and after treatment with 150, 250 or 500 mM NaCl for 24 h. In the control conditions, the Fv/Fm values for all the lines were identical (Fig. 5B) and did not change following treatment with 150 mM NaCl (not shown). The Fv/Fm ratio was 0.8-0.82, consistent with the measurements on a wide range of unstressed vascular plants (Bjorkman and Demmig 1987). Following the treatment with 250 or 500 mM NaCl, the Fv/Fm ratio decreased in all lines, but the decrease was less pronounced in the ZmCPK11-transgenic ones than in the WT (Fig. 5B). Notably, the drop in the Fv/Fm relative to control conditions was statistically significant for both treatments, but the difference between WT and the ZmCPK11-transgenic lines reached the threshold of statistical significance only for the treatment with 500 mM NaCl.

ZmCPK11 upregulates stress-responsive genes in roots of transgenic Arabidopsis plants exposed to salt stress

To further study the role of ZmCPK11 in the salt stress response, expression of selected stress-responsive genes was compared in the roots of WT and the ZmCPK11-transgenic plants subjected to salt stress. The following stress-responsive genes were studied: three C-REPEAT BINDING FACTORS (CBF1-3, also known as DREB1b, DREB1c, and DREB1a, respectively); two cysteine 2/histidine 2-type (C2H2-type) ZINC FINGER TRANSCRIPTION FACTORS (ZAT6 and ZAT10); and the Na+, K+ transporters HIGH-AFFINITY K+ TRANSPORTER 1 (HKT1), Na+/H+ antiporter SALT OVERLY SENSITIVE 1 (SOS1) and Na+, K+/H+ antiporter Na+/H+ EXCHANGER 1 (NHX1). In the WT plants, most of the genes assayed were upregulated by the salt stress (150 mM NaCl), in agreement with the data deposited at the eFP Browser database (http://bbc.botany.utoronto.ca/efp) (​http:​/​​/​bbc.botany.utoronto.ca​/​efp)​). ZmCPK11 increased the expression of most of these genes under control conditions and much more substantially the expression of all genes in salt-treated plants (Fig. 6). The three ZmCPK11-transgenic lines showed rather substantial differences in the levels of expression of individual genes at both conditions. Notably, the extents of the upregulation both by ZmCPK11 and by salt stress varied substantially.

ZmCPK11-transgenic Arabidopsis plants accumulate less Na+ in rosette leaves upon salt stress and have a higher K+/Na+ ratio compared to WT plants

Proteins encoded by the AtHKT1, AtSOS1 and AtNHK1 genes play an essential role in salt tolerance by regulating Na+ and K+ content (Almeida et al. 2017). Considering that the expression of these genes was significantly higher in roots of ZmCPK11-transgenic plants compared to WT plants both in control conditions and upon salt stress, we studied the distribution of Na+ and K+ in the roots and leaves under salt stress conditions (after 24 h of treatment with 150 mM NaCl).
Under control conditions, the content of K+ was lower in the roots and slightly higher in the leaves of the ZmCPK11-transgenic plants compared to the WT, and for all the lines it was higher in roots than in leaves (Fig. 7A). Following salt stress, the content of K+ in the leaves remained unchanged in the ZmCPK11-plants and increased slightly in the WT, so that it became nearly identical in all the plant lines (Fig. 7A).




ZmCPK11 participates in Ca2+-dependent local and systemic signaling under abiotic stresses

A CDPK from Zea mays (ZmCPK11) has been shown to participate in the local and systemic responses to wounding (Szczegielniak et al. 2005, 2012) and, as we report here, to salt stress. After NaCl treatment a rapid enzymatic activation of ZmCPK11 was observed both in roots and leaves of maize and in transgenic Arabidopsis plants expressing ZmCPK11. These results show that the salt stress signal is transmitted systemically from roots to rosette leaves within minutes and triggers a defense response with both enzymatic and transcriptional activation of ZmCPK11. Choi et al. (2014) have documented the existence of a plant-wide signaling system based on a rapid, long-distance transmission of Ca2+ waves induced by salt stress. 
The ZmCPK11 gene was characterized functionally using transgenic Arabidopsis plants expressing c-Myc-ZmCPK11. The effects of the ectopic ZmCPK11 presence on seed germination, post-germination growth and root growth were determined under normal growth and salt stress (NaCl) conditions by comparing the WT with three independently-obtained lines of ZmCPK11-transgenic plants. In the control conditions, no differences were observed in the seed germination rate or post-germination growth between the ZmCPK11-transgenic lines and WT plants or the line expressing empty vector (V4). However, the roots of the ZmCPK11 plants were longer than the roots of WT and V4 plants indicating that ZmCPK11 positively regulates primary root growth under normal growth conditions. In contrast, under salt stress, ZmCPK11 appeared to function as a positive regulator of the NaCl-mediated inhibition of primary root growth and seed germination, while in the post-germination growth and at the adult stage the ZmCPK11-transgenic plants were more tolerant to salt stress than the controls. It has been shown that the two closest homologues of ZmCPK11 in Arabidopsis, AtCPK4 and AtCPK11, are indispensable for salt tolerance by seedlings. Overexpression of AtCPK4 and AtCPK11 in Arabidopsis did not significantly alter the NaCl-induced inhibition of seed germination and seedlings growth, but loss-of-function mutations of CPK4 or CPK11 decreased the salt tolerance of the seedlings (Zhu et al. 2007).

ZmCPK11 positively regulates root growth inhibition in ABA- and JA-dependent signaling pathways

We found here that expression of ZmCPK11 enhanced the inhibition of primary root growth by exogenous ABA and MeJA in transgenic Arabidopsis plants. A weak ABA-sensitive phenotype was also observed for seed germination. These findings indicate a contribution of ZmCPK11 to ABA signaling in seed germination and root growth. However, the effect of ZmCPK11 is not as evident as that of AtCPK4 and AtCPK11, which were found to be positive regulators of ABA-mediated inhibition of seed germination, post-germination growth, root growth and guard cell regulation (Zhu et al. 2007).
In Arabidopsis under normal growth conditions, ABA inhibits primary root growth by stimulating  the biosynthesis of ethylene (ET), which causes root growth inhibition (Luo et al. 2014, Thole et al. 2014,  Li et al. 2017). Conversely, under drought conditions ABA inhibits ethylene biosynthesis in maize, thus promoting root elongation (Spollen et al. 2000). The ABA-activated kinases AtCPK4 and AtCPK11 take part in the stimulation of ET synthesis. These protein kinases phosphorylate the C-terminus of 1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID SYNTHASE 6 (ACS6, the rate-limiting enzyme in ET synthesis) and enhance its stability (Luo et al. 2014). Loss-of-function cpk4 and cpk11 mutants produce less ET after ABA treatment and exhibit pleiotropic ABA-insensitive phenotypes, including a lack of primary root growth inhibition by ABA (Zhu et al. 2007, Luo et al. 2014). Since ZmCPK11 was found to act in a similar regulatory manner as AtCPK4 and AtCPK11 in the ABA-mediated root growth inhibition, it seems plausible that ZmCPK11, like AtCPK4 and AtCPK11, affects the root growth by modulating ethylene biosynthesis.
In Arabidopsis, the inhibitory effect of ABA on primary root growth is also enhanced via production of ROS by NADPH oxidases, AtrbohD and AtrbohF (Kwak et al. 2003). ROS function in ABA-inhibited root growth by activating Ca2+ channels and decreasing auxin levels, thus arresting root cell elongation (Jiao et al. 2013). Growing evidence indicates that CDPKs play a role in defense-induced ROS production (Boudsocq et al. 2010). Potato StCDPK4 and StCDPK5 have been shown to induce the phosphorylation of RbohB in tobacco leaves, resulting in enhanced production of ROS (Kobayashi et al. 2007). At the moment, the mechanism of the ZmCPK11-mediated enhancement of the ABA-dependent root growth inhibition is unknown, but an effect on ROS production seems plausible, especially in the light of the studies by Ding et al. (2013) showing that ZmCPK11 is required for ABA-induced upregulation of H2O2 production in maize. This concept is further supported by the data showing that AtCPK4 and AtCPK11 phosphorylate AtrbohD and AtrbohF to stimulate ROS production (Gao et al. 2013). Whether ZmCPK11 directly phosphorylates and regulates the activity of NADPH oxidases, like its homologues AtCPK4 and AtCPK11 do, remains to be determined.
AtCPK4 and AtCPK11 can also phosphorylate the ABA-RESPONSIVE ELEMENT BINDING FACTORS (ABFs) AtABF1 and AtABF4 in vitro (Zhu et al. 2007, Lynch et al. 2012). Moreover, AtCPK11 interacts with AtABF1 in vivo (Lynch et al. 2012), and AtCPK4 with AtABF2 (Lu et al. 2013). Taking all this into consideration, as well as the dual cytoplasmic and nuclear localization of ZmCPK11 (Ding et al. 2013, and our unpublished data), it seems likely that ZmCPK11 can regulate the ABA- and salt-induced signaling pathways by directly binding to and affecting the activity of appropriate transcription factors.
In this study, ZmCPK11 was found to function as a positive regulator of MeJA-induced root growth inhibition. It has been shown that JA signaling is activated in the roots at early stages of the salt stress response and plays a role in salt-mediated root growth inhibition (Valenzuela et al. 2016). Therefore, the inhibitory effect of ZmCPK11 on primary root growth under salt stress could be correlated with JA signaling. This would be in accordance with our earlier results showing that ZmCPK11 participates in JA-dependent wound signaling and is located downstream of this pathway (Szczegielniak et al. 2012).

ZmCPK11 affects root growth by regulating ABA and JA levels

It has been shown that endogenous ABA concentration increases rapidly in roots upon salt stress and causes root growth inhibition (Geng et al. 2013). Also, the JA signaling pathway is strongly activated in roots upon salt stress. The inhibition of primary root growth caused by salt stress is partially dependent on the canonical JA signaling pathway and occurs in the root elongation zone (Toda et al. 2013, Zhao et al. 2014, Valenzuela et al. 2016). Analysis of the endogenous ABA and JA levels revealed that the ZmCPK11-transgenic plants had a lower JA and ABA content in the roots under control conditions compared to WT plants. After salt stress, the ABA and JA content increased both in roots and leaves producing markedly higher levels of JA in roots and leaves of the ZmCPK11-transgenic plants than in WT. These clear-cut differences indicate that ZmCPK11 can regulate the root growth both under normal growth conditions and upon salt stress by affecting the levels of JA in a complex manner and, to a lower extent, also of ABA. Our results are consistent with previously published data. For example, a long root phenotype was observed under salt stress in a JA-resistant Arabidopsis mutant jai3-1 in which the JAZ3 repressor of JA signaling was more stable than in the WT, and in two JA biosynthesis-deficient rice mutants (cpm2 and hebiba) (Geng et al. 2013, Hazman et al. 2015). In contrast, Arabidopsis plants overexpressing the TaAOC1 gene, encoding ALLENE OXIDE CYCLASE involved in JA biosynthesis, accumulated JA and displayed a short root phenotype (Zhao et al. 2014).

ZmCPK11 improves salt tolerance of transgenic Arabidopsis plants by preventing salt-induced chlorophyll degradation and damage to photosystem II

Photosynthesis is one of the primary processes affected by salinity (Munns et al. 2006). The stress caused by high concentrations of Na+ decreases the leaf chlorophyll content, which affects photochemical reactions, especially those mediated by PSII (Mahajan and Tuteja 2005). Using the maximum quantum yield of PSII photochemistry (Fv/Fm) as an indicator of damage to PSII and possible photoinhibition (Misra et al. 2001), we attempted to decipher why the rosette leaves of the ZmCPK11-transgenic plants showed weaker salt stress symptoms. Additionally, chlorophyll content was determined following salt stress. The ZmCPK11-transgenic plants had a higher leaf chlorophyll content and a higher Fv/Fm ratio indicating lesser damage to the photosynthetic system compared to the WT plants. These results suggest that ZmCPK11 has a protective effect under salt stress through stabilization of the photosynthetic system. Salinity also enhances ROS production leading to lipid peroxidation and damage of proteins, nucleic acids and carbohydrates (Miller et al. 2010). Therefore, to scavenge the toxic high ROS levels, plants have evolved diverse antioxidant systems. ZmCPK11 has been reported to act in one of these mechanisms, the ABA-induced upregulation of the expression and activities of the antioxidant enzymes SUPEROXIDE DISMUTASE (SOD4) and chloroplastic ASCORBATE PEROXIDASE (cAPX) in maize protoplasts (Ding et al. 2013).
In this study, ectopic ZmCPK11 in Arabidopsis upregulated numerous stress-responsive genes encoding transcription factors ZAT6, ZAT10, CBF1, CBF2 and CBF3. CBFs are involved in salt, drought and cold stress tolerance (Wei et al. 2016, Zhao et al. 2016, Zhao and Zhu 2016, Gao et al. 2018). Interestingly, AtZAT6 enhanced resistance to salt, drought, and chilling stress by modulating ROS level and the expression of CBFs and SA-related genes (Shi et al. 2014). AtZAT6 directly interacted with the promoters of these genes leading to accumulation of their transcripts (Shi et al. 2014). Taken together, the present and earlier data indicate that ZmCPK11 can upregulate the transcription of CBFs in the salt signaling pathway through transcriptional activation of ZAT6.

ZmCPK11 improves salt tolerance in Arabidopsis by regulating sodium and potassium homeostasis and curbing the drop of the K+/Na+ ratio in rosette leaves
Upon salt stress, the expression of Na+/K+ transporter genes AtHKT1, AtSOS1 and AtNHX1 was significantly higher in roots of the ZmCPK11-transgenic plants compared to WT plants. HKT1 and SOS1, localized mainly to xylem parenchyma cells and leaf vascular tissues, improve the salt tolerance by controlling the root/shoot Na+ distribution in the plant and by reducing the Na+ transport to leaves (Mäser et al. 2002, Berthomieu et al. 2003, Sunarpi et al. 2005, Munns et al. 2012,  Zhang et al. 2017a, b). They do so by different means: SOS1, found in the plasma membrane of the root tip, transports excess Na+ ions out of the cell, whereas the tonoplast-localized NHX1 transports Na+ ions from the cytoplasm into the vacuole under conditions of high Na+ concentration (Apse et al. 2003). Under normal conditions or at low Na+ concentration, NHXs act as K+/H+ antiporters mediating vacuolar K+ influx and thus are important for intracellular K+/Na+ homeostasis (Jiang et al. 2010 (​https:​/​​/​www.ncbi.nlm.nih.gov​/​pmc​/​articles​/​PMC5513949​/​" \l "B79​), Huertas et al. 2013 (​https:​/​​/​www.ncbi.nlm.nih.gov​/​pmc​/​articles​/​PMC5513949​/​" \l "B70​), Andrés et al. 2014 (​https:​/​​/​www.ncbi.nlm.nih.gov​/​pmc​/​articles​/​PMC5513949​/​" \l "B7​)). The action of these K+/Na+ transporters increases the K+/Na+ ratio and in this way protects the cells from sodium toxicity (Fukuda et al. 1999). The activity of ion transporters is regulated by protein kinases (Zhu et al. 2003). For example, phosphorylation of TWO PORE K+ CHANNEL 1 (AtTPK1) by AtCPK3 and interaction with 14-3-3 proteins leads to its activation and K+ efflux from the vacuole (Latz et al. 2013). Other CDPKs, including AtCPK4 and AtCPK11, were also able to phosphorylate AtTPK1 in vitro (Latz et al. 2013).
The ABA and JA signaling are closely related to Ca2+ signal transduction pathways and Ca2+ sensors CDPKs (Xu and Huang 2017). All these components play a key role in osmotic stress caused by salinity by regulating stomatal closure and the expression of stress-related genes (Riemann et al. 2015 (​https:​/​​/​www.frontiersin.org​/​articles​/​10.3389​/​fpls.2016.00813​/​full" \l "B134​)). Herein, the studied genes encoding ion transporters and transcription factors were found to be involved in ABA and/or JA signaling in response to salt stress. For example, ZAT6 has been identified as transcription factor regulating both ABA and salt response (Song et al. 2016). CBFs regulate many stress-inducible genes mostly in an ABA-independent manner, but increasing evidence indicate the existence also of an ABA-dependent pathway (Wei et al. 2016). Moreover, ZAT6 may regulate the JA biosynthesis gene LOX3 and control the expression of JAZ1/TIFY10A, a key repressor of JA signaling (Pauwels and Goossens 2008). JA signaling upregulates the expression of ZAT10 (Walia et al. 2007) and CBFs genes (Hu et al. 2013). Moreover, JA signaling improves the salt tolerance in the salt-tolerant line of sweet potato by upregulation of the ion transport-related genes IbHKT1, IbNHX1 and IbNHX1 and maintaining ion homeostasis (Zhang et al. 2017a, b). Furthermore, in Arabidopsis, NHX1 expression was shown to be upregulated during salt stress and this upregulation is partially dependent on ABA biosynthesis and signaling (Shi and Zhu 2002).
Our results indicate that the increased tolerance of the ZmCPK11-transgenic plants to salt stress is associated with the activation of tolerance mechanisms characteristic for the ionic phase of salt stress. On the other side, the expression of ZmCPK11 was increased in maize leaves in response to osmotic stress induced by PEG (Ding et al. 2013). Moreover, the ZmCPK11 expression and activity is induced by ABA (Ding et al. 2013, and our results, data not shown), which plays a protective role in response to osmotic stress by regulating gene expression and closing stomatal during salt stress. Considering that ZmCPK11 was very rapidly activated transcriptionally and enzymatically by salt stress, the participation of ZmCPK11 in osmotic stress signaling cannot be ruled out, which is a first phase of salt stress.
Taken together, present results show that the improved salt tolerance of ZmCPK11-transgenic plants could be due to the upregulation of genes involved in ion transport in the plant and the maintenance of intracellular K+ and Na+ homeostasis and stabilization of the photosynthetic system. The NADPH oxidases AtrbohD and AtrbohF have been reported to function in a ROS-dependent regulation of K+ and Na+ homeostasis in Arabidopsis under salt stress, leading to improved stress tolerance (Ma et al. 2011). Considering that ZmCPK11 functions in the ABA-induced ROS production and ROS scavenging systems (Ding et al. 2013), the regulation of salt tolerance by ZmCPK11 by multiple mechanisms seems highly likely.
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Additional supporting information may be found online in the Supporting Information section at the end of the article.

Table S1. Primers used for RT-qPCR.

Fig. S1. Protein level of c-Myc-ZmCPK11 in transgenic Arabidopsis roots and leaves (lines L1, L3 and L4) was analyzed by western blotting with anti-c-Myc antibodies.

Fig. S2. The effect of ABA on seed germination rate of Arabidopsis WT and transgenic plants expressing c-Myc-ZmCPK11 (L1, L3, L4) or empty vector (eV4 and eV6).





Fig. 1. Influence of salt stress on the expression and enzymatic activity of ZmCPK11. Maize and Arabidopsis plants were cultivated hydroponically for 2 and 4 weeks, respectively, and NaCl was added to a final concentration of 150 mM for indicated time. (A) Activity of ZmCPK11 in leaves and roots of maize. Protein extracts from maize leaves and roots were analyzed by in-gel kinase activity assay in the presence of Ca2+ or EGTA with myelin basic protein (MBP) as substrate. (B) Activity of ZmCPK11 in leaves and roots of transgenic Arabidopsis line 1 (L1). c-Myc-ZmCPK11 was immunoprecipitated with anti-c-Myc antibodies from extracts from leaves and roots of ZmCPK11-transgenic Arabidopsis L1 and the immunocomplexes were analyzed by in-gel kinase activity assay in the presence of Ca2+ (top panel). ZmCPK11 protein level was determined by Western blotting with anti-c-Myc antibodies (bottom panel). (C) Expression of ZmCPK11 in maize leaves and roots was analyzed by RT-qPCR. Results were normalized to the levels of -TUBULIN and EF1- mRNA.
For A and B, one representative result of three experiments showing similar results is shown. In C, the data represent the mean  SD of two independent biological experiments.

Fig. 2. Response of ZmCPK11-transgenic Arabidopsis plants to salt stress. (A) Seed germination of Arabidopsis Col 0 (WT) and transgenic lines expressing c-Myc-ZmCPK11 (L1, L3, L4) or empty vector (V4) as described in Materials and methods. Data on seed germination represent the mean  SE of four independent experiments, with at least 30 seeds analyzed per genotype and experiment. (B) Post-germination growth of 14-day-old Arabidopsis WT and transgenic lines (L1, L3, L4 and V4) seedlings grown horizontally on 1/2 MS medium supplemented with 150 mM NaCl. The experiment was repeated 3 times with similar results. (C) Salt stress tolerance of hydroponically grown 4-week-old ZmCPK11-transgenic plants. After 4 weeks plants were transferred to the same medium supplemented with 150 mM NaCl. The experiment was repeated 4 times with similar results. The photographs were taken after 7 days of salt treatment. (D) Primary root growth of WT and transgenic Arabidopsis plants (L1, L3, L4 and V4). Three independent biological experiments were done, each with numerous plants of each line (20 ≤ n ≤ 70). The data presented are the mean  SE. Means with different letters indicate significant differences between controls (WT and V4) and the ZmCPK11-transgenic lines at the same time point determined by one-way ANOVA followed by Turkey test (P ≤ 0.05).

Fig. 3. Effect of ZmCPK11 expression in Arabidopsis on the ABA- and MeJA-mediated inhibition of root growth. (A) ABA- and (B) MeJA-induced inhibition of primary root growth of 7-day-old Arabidopsis WT, transgenic lines expressing c-Myc-ZmCPK11 (L1, L3, L4) or empty vector (V4). Two independent biological series of experiments were done, each with numerous plants of each line (20 ≤ n ≤ 80 for ABA, and 30 ≤ n ≤ 80 for MeJA). The data presented are the mean  SE. Means with different letters indicate significant differences between controls (WT and V4) and the ZmCPK11-transgenic lines within the same treatment determined by one-way ANOVA followed by Turkey test (P ≤ 0.05).

Fig. 4. Effect of ZmCPK11 expression on JA and ABA content in roots and leaves of ZmCPK11 Arabidopsis plants exposed to salt stress. (A) ABA and JA content in roots. (B) ABA and JA content in leaves. The content of ABA and JA was determined by UPLC-MS/MS in roots and leaves of Arabidopsis plants (WT and the ZmCPK11-transgenic plants L1, L3 and L4) subjected or not to salt stress (150 mM NaCl), and is shown relative to those in unstressed WT plants set as 1.0. The data presented are the mean  SE of three independent biological experiments each at least in two replicates. Means with different letters indicate significant differences between WT controls and the ZmCPK11-transgenic plants at the same time point determined by one-way ANOVA followed by Turkey test (P ≤ 0.05).

Fig. 5. Effect of ZmCPK11 expression on chlorophyll content and PSII photochemical efficiency in Arabidopsis seedlings exposed to salt stress. (A) Content of chlorophyll a and b in Arabidopsis seedlings treated with NaCl or not. The data presented are the mean  SE of at least three independent biological experiments. Means with different letters indicate significant differences between controls (WT and V4) and the ZmCPK11-transgenic lines within the same treatment determined by one-way ANOVA followed by Turkey test (P ≤ 0.05). (B) The effect of 250 and 500 mM NaCl on PSII photochemical efficiency (Fv/Fm) in leaves of WT and ZmCPK11-transgenic plants. The data presented are the mean  SE of three independent biological experiments each with 6-9 plants per line per treatment. Means with different letters indicate significant differences between WT and the ZmCPK11-transgenic lines within the same treatment determined by two-way ANOVA test (P ≤ 0.05).

Fig. 6. Effect of ZmCPK11 expression on transcript levels of stress-responsive genes in Arabidopsis roots exposed to salt stress. Expression of stress-responsive genes encoding transcription factors: AtCBF1 (At4g25490), AtCBF2 (At4g25470), AtCBF3 (At4g25480), AtZAT10 (At1g27730), AtZAT6 (At5g04340), and Na+ transporters: AtHKT1 (At4g10310), AtSOS1 (At2g01980) and AtNHX1 (At5g27150) was assayed by RT-qPCR in roots of 4-week-old WT and ZmCPK11-transgenic plants (L1, L3, L4) before and after a 6 h treatment with 150 mM NaCl. Respective mRNA levels are expressed relative to those of housekeeping genes AtEF1- and AtTIP41. Results are the mean  SD of three independent biological experiments (n=3, at least). Means with different letters indicate significant differences between the studied lines determined by one-way ANOVA followed by Turkey test (P ≤ 0.05).

Fig. 7. Effect of ZmCPK11 expression on Na+ and K+ content and K+/Na+ ratio in Arabidopsis leaves and roots exposed to salt stress. Four-week-old hydroponically-grown Arabidopsis (WT) and ZmCPK11 transgenic plants transferred to the medium supplemented or not with 150 mM NaCl for 24 hours. (A) K+ content in roots and rosette leaves. (B) Na+ content in roots and rosette leaves. (C) K+/Na+ ratio in roots and rosette leaves. The data represent three independent biological experiments each in triplicate. Bars represent means  SE (n=9). Means with different letters indicate significant differences between controls WT and the ZmCPK11-transgenic lines within the same treatment determined by one-way ANOVA followed by Turkey test (P ≤ 0.05).





